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(57) Abstract: Apparatuses and methods for suppressing 
thermally induced motion of a woiicpiece. An apparatus in- 
cludes a workpiece heating system configured to thermally 
induce motion of a workpiece, and further includes a damp- 
ing member spaced apart from the workpiece and config- 
ured to apply a damping force to dampen the motion of 
the workpiece. The damping member may be spaced apart 
from a rest position of the workpiece by a distance suffi- 
ciently small that gas pressure between the damping mem- 
ber and the workpiece opposes the motion of the workpiece. 
The distance is preferably adjustable. 
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APPARATUSES AND WIETHODS FOR SUPPRESSING THERMALLY 
INDUCED MOTION OF A WORKPIECE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of priority from United States patent 
application serial no. 60/568,685 filed May 7, 2004. and from United States 
patent application serial no. 10/742,575 filed December 19, 2003. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

The present application relates to methods and apparatuses for suppressing 
thermally induced motion of a workplece. 

2. Description of Related Art 

Numerous applications Involve themnally induced motion of a workplece. For 
example, in the manufacture of semiconductor chips such as 
microprocessors, the workplece typically includes a semiconductor wafer, 
supported in a thermal processing chamber for annealing or other heat- 
treating purposes. U.S. Patent Application Serial No. 10/742,575 (publication 
no. US 2004/0178553 discusses examples of heat-treating techniques 
for annealing such semiconductor wafers, in which the wafer is first pre- 
heated to an intenmediate temperature, following which the top or device side 
surface is rapidly heated to an annealing temperature. The initial pre-heating 
stage occurs at a rate significantly slower than a thennnal conduction time 
through the wafer, and may be achieved by irradiating the back-side or 
substrate side of the wafer with an arc lamp, to heat the wafer at a ramp rate 
less than 400°C per second, for example. The subsequent surface heating 
stage occure much more rapidly than the tiiermai conduction time through the 
wafer, so that only the device side suri'ace is heated to the final annealing 
temperature, while the bulk of the wafer remains close to tiie intemnediate 
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temperature. Such surface heating may be achieved by exposing the device- 
side surface to a high-power irradiance flash from a flash-lamp or bank of 
flash lamps, the flash having a relatively short duration, such as one 
millisecond, for example. The cooler bulk of the wafer then acts as a heat 
5 sink to facilitate rapid cooling of the device side surface. 

Such annealing methods, which involve rapidly heating the device side of the 
wafer to a substantially higher temperature than the bulk of the wafer, cause 
the device side to thennally expand at a greater rate than the rest of the 

10 wafer. The present inventors and the inventors of the above-noted U.S. 

applications have appreciated that, depending on the magnitude of the 
temperature difference between the device side temperature and the 
temperature of the bulk of the wafer, this may tend to cause "themial bowing", 
whereby the normally-planar wafer defonms itself into a thennally defonned 

15 shape. Depending on the magnitude and rapidity of the device skie heating 
stage, the thermally defonned shape may have attributes of a dome shape, 
with the center of the wafer tending to rapWIy rise relative to its edge regions. 
The thennal bowing may also cause the outer perimeter or edge of the 
workpiece (such as the outer one or two centimeters of a 30-cm wafer, for 

20 example) to curl downward steeply, and thus, the themnally defonned shape 
may also have attributes of a FRISBEE(™) flying disc. In practice, for some 
applications it has been found that the latter curling effect at the outer 
perimeter of the workpiece tends to be more pronounced than the former 
dome-shaped curvature of the workpiece as a whole, although this may 

25 depend on the physical parameters of the thennal cycle in question. The 
thermally deformed shape represents a minimum stress configuration of the 
wafer, minimizing the thennal stress resulting from the temperature gradient 
between the device side and the bulk of the wafer. However, due to the 
extreme rapidity at whfch the device side of the wafer is heated (in the course 

30 of a 1 -millisecond flash, for example, much faster than a typical thennal 
conduction time In the wafer), the defonnation of the wafer may occur 
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sufficlently rapidly that the edges of the wafer apply a large downward force 
onto the support pins that support the wafer In the chamber. As conventional 
support pins are typically rigid, the resulting reaction force between the pins 
and the edges of the wafer may damage the wafer. Such forces may also 

5 cause the wafer to launch itself vertically upward from the support pins, which 
may result in further damage to the wafer as the wafer falls back down and 
strikes the pins. Also, as conventional support pins are not designed to 
withstand such forces, they tend to break, with the result that the wafer fails in 
the chamber and is damaged or destroyed. In additk>n, due to the rapidity at 

10 which such thenmai bowing occurs, the initial velocities imparted to the various 
regions of the wafer tend to cause the wafer to overshoot the equilibrium 
minimum stress shape and oscillate or vibrate, resulting in additional stress 
and potential damage to the wafer. 

15 The above-noted U.S. application publication no. US 2004/0178553 A1 
disdoses numerous approaches to overcoming such dtfTiculties, by supporting 
the wori<piece in a manner which allows the woriq?iece to move under the 
influence of the resulting themial stresses in order to minimize its own internal 
stress, thereby reducing the likelihood of wafer damage or breakage. 

20 Approaches to suppressing vibration or oscillation of the wafer are also 
disclosed, however, further suppression would be desirable, as such 
vibrations may tend to damage or break the wafer, depending on the 
sunounding circumstances of the particular annealing method in question. 

25 A recently-proposed variant of the previously-mentioned annealing method 
involves substituting a hot plate for the arc lamp during the pre-heating stage. 
The subsequent device-side surface heating stage employs a bank of flash^ 
lamps to produce a high-power irradiance flash. The wafer is held in tight 
contact with the hot plate by a vacuum chuck, which includes gas channels or 

30 passageways defined through the hot plate, and a compressor to pump gas 
out of the passageways, to create a vacuum in the passageways, immediately 



wo 2005/059991 



PCT/CA2004/002155 



-4- 

beneath the back-side of the wafer. The vacuum in the channels effectively 
sucks the wafer tightly against the hot plate surface, during both the pre- 
heating and subsequent device-side surface heating stage. However, the 
vacuum chuck prevents the wafer from thermally bowing during the devlce- 

5 side surface heating stage, thereby preventing the wafer from deforming itself 
in order to minimize its own internal stress. As a result, the wafer tends to 
break, particulariy if the magnitude of the "jump" (i.e., the difference between 
the intermediate temperature and the ultimate device-side temperature) is 
large. Thus, such constrictive approaches to suppressing motion or vibratton 

10 of the wafer are undesirable. 

Accordingly, there is a need for an improved way of suppressing thenmally 
induced motion of a workpiece. 

15 

SUMMARY OF THE INVENTION 

The present invention addresses the above need by pix)vkling, in accordance 
with one aspect of the invention, an apparatus for suppressing thermally 
induced motion of a workpiece. The apparatus includes a workpiece heating 
20 system configured to thennally induce motion of the workpiece. The 
apparatus furtiier includes a damping member spaced apart from the 
workpiece and configured to apply a damping force to dampen the motion of 
the workpiece. 

25 Advantageously, as the damping member is spaced apart from the workpiece, 
direct mechanical contact between the damping member and the workpiece 
can be avoided, thereby reducing the likelihood of breakage or damage to the 
workpiece. 

30 The damping member is preferably spaced apart from a rest position of tiie 
workpiece by a distance sufficientiy small that gas pressure between the 
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damping member and the workpiece opposes the motion of the workpiece. 
For example, if the worl<piece Is a semiconductor wafer supported a small 
distance above the damping member, the irradiance flash may cause the 
central region of the wafer to rapidly rise upward away from the damping 

5 member. This creates a low gas pressure zone in the gap between the wafer 
and the damping member. Thus, a pressure differential is created, between 
the higher ambient pressure above the wafer, and the lowered pressure In the 
gap beneath the wafer, which tends to oppose the upward motion of the 
wafer. Conversely, if the central region of the wafer comes back downward 

10 and overshoots its planar equilibrium position, this creates a higher pressure 
in the gap between the wafer and the damping member than the ambient 
pressure above the wafer, so that the pressure differential continuously 
opposes the motion of the wafer as it oscillates or vibrates. Thus, motion and 
vibration of the wafer are dampened, without the necessity of potentially 

1 5 damaging physical contact between the wafer and the damping member. 

The workpiece may include a semiconductor wafer and the damping member 
may include a damping plate spaced apart from the wafer. For example, the 
damping plate may be spaced apart from the rest position of the wafer by a 

20 distance on the order of one millimeter. More particutariy, the damping plate 
may be spaced apart from the rest position of the wafer by a distance greater 
than one-half millimeter, and/or less than three millimeters. For example, in a 
particular embodiment Involving wafer processing at atmospheric pressure, 
the damping plate may be spaced apart from the rest position of the wafer by 

25 a distance between one-half millimeter and three millimeters. 



30 



The apparatus may further include a support system configured to support the 
wafer above the damping plate. Alternatively, the apparatus may include a 
support system configured to support the wafer below the damping plate. 
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Or, as a further altemative, the clamping member may include first and second 
damping members, and the apparatus may further include a support system 
configured to support the workpiece above the first damping member and 
below the second damping member. 

5 

The damping plate may include an annular recess defined in a surface 
thereof. The annular recess may be configured to accommodate the outer 
edge of the wafer therein during the themnally induced curling. Such a recess 
may be particularly advantageous in embodiments in which the workpiece is a 
,0 semiconductor wafer and the thermally induced motion includes thennally 
induced curling of an outer edge of the wafer. Such recesses may also be 
advantageous in other embodiments, depending on the manner in which the 
workpiece is supported. 

15 The workpiece heating system may include a pre-heating system configured 

to pre-heat the worlqsiece to an intermediate temperature, and a surface 
heating system configured to heat only a surface region of the workpiece to a 
desired temperature greater than the intemnediate temperature. If so, each of 
the pre-heating system and the surface heating system may include a 

10 respective inradiance s^em. For example, the pre-heating system may 
include a DC arc lamp, and the surface heating system may include at least 
one irradiance flash device configured to expose the workpiece to an 
inadiance flash. The inradiance flash device may include a flash lamp or a 
microwave pulse generator, for example. The damping memt)er may be 

25 interposed between the at least inradiance flash device and the workpiece and 

may be transparent to at least some wavelengths of the in-adiance flash. 

The damping member may indude a window. The window may include a 
quartz window, for example. 

30 
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The apparatus may further include a temperature control system configured to 
control a temperature of the window. 

The apparatus may further include a supplemental heater configured to 
supply supplemental heat energy to the damping member in the vicinity of an 
outer perimeter region of the workplece. The supplemental heater may 
include an electrical resistance heater disposed in the vicinity of the outer 
perimeter region of the workplece. Alternatively, the supplemental heater may 
include material in the vicinity of the outer perimeter of the wori^piece having a 
greater emissivlty than material of the damping member in the vicinity of a 
center of the woricpiece. 

The irradiance system may further include a pre-heating system configured to 
pre-heat the woricpiece during a pre-heating stage preceding the in^diance 
flash. 

The distance between the damping member and the workplece may be 
adjustable to adjust the damping force. For example, the distance between 
the damping member and the workpiece may be adjustable between a first 
distance employable during the pre-heating stage, and a second distance 
smaller than the first distance employable during the inradiance flash and a 
motion-damping stage thereafter. The first distance may be at least two 
millimeters. As a further example, the first distance may be on the order of 
one centimeter. Advantageously, as the first distance used during the pre- 
heating stage is larger than the second distance used during the inradiance 
flash and the subsequent motion-damping stage, thermal coupling effects are 
reduced during the pre-heating stage. The second distance may be 
sufficiently small that gas pressure between the damping member and the 
woricpiece opposes the motion of the workpiece during the inradiance flash 
and the motion-damping stage. For example, the second distance may be 
about one millimeter. As a further example, the second distance may be 
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about one-half millimeter. In addition to the first and second distances, the 
distance may be further adjustable to a third distance greater than the second 
distance, employable during a subsequent cooling stage following the motion- 
damping stage. Advantageously, as the third distance used for the cooling 
stage is larger than the second distance used for the irradiance flash and the 
motion-damping stage, thermal coupling effects are also reduced during the 
cooling stage. For example, the third distance may be at least two 
millimeters. Advantageously, therefore, as discussed herein, such 
adjustability reduces themial coupling effects between the workplece and the 
damping member during both the pre-heating and subsequent cooling stages, 
while allowing the damping member to suppress themially induced motion of 
the workpiece during the in-adiance flash and subsequent motion-damping 
stage. 

The damping member may be configured to apply a spatially-varying damping 
force. For example, the damping member may include a planar plate having 
a plurality of recesses defined therein, to cause the damping force to be 
smaller In the vicinity of each recess than away from the recesses. 

The damping member may include an electrostatic chuck configured to apply 
an electrostatic force to the wori<piece in response to the motion of the 
worttpiece. The apparatus may further include a detector configured to detect 
the motbn of the woricplece. 

The electfX)static chuck may include a plurality of variable electrostatic force 
generators. Each of the generators may be selectively controllable to 
electrostatically deforni the wori<plece to a desired shape prior to the themially 
Induced motion of the workpiece. 

In accordance with another aspect of the invention, there Is provided an 
apparatus Including means for themially inducing motion of the wori<plece, 
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and means for applj^'ing a clamping force to dampen the motion of the 
workpiece, the means for applying being spaced apart from the workpiece. 

In accordance with another aspect of the invention, there is provided a 
5 method including themially inducing motion of the workpiece, and applying a 

damping force to dampen the motion of the workpiece with a damping 
member spaced apart from the workpiece. 

Applying a damping force may include maintaining a distance between the 
10 damping member and the workpiece sufficiently small that gas pressure 
between the damping member and the workpiece opposes tfie motion of the 
workpiece. 

The workpiece may include a semiconductor wafer and the damping member 
1 5 may include a damping plate spaced apart from the wafer. 

Maintaining may include maintaining the damping plate at a distance on the 
order of one millimeter from a rest position of the wafer. This may include 
maintaining the damping plate at a distance greater than one-half millimeter 
20 from the rest position of the wafer, or may include maintaining the damping 

plate at a distance less than three millimeters from the rest position of the 
wafer, for example. Thus, this may Include maintaining the damping plate at a 
distance between one-half millimeter and three millimeters from the rest 
position of the wafer. 

25 

Maintaining may include supporting the wafer above the damping plate, or 
may include supporting the wafer below the damping plate. 

The damping member may include first and second damping members, in 
30 which case maintaining may include supporting the workpiece above the first 

damping member and below the second damping member. 
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The mettiod may further include accommodating the outer edge of the wafer 
in an annular recess defined in a surface of the damping plate during the 
thermally induced motion. 

5 

Thenmally inducing the motion may include inradiating the workpiece. This 
may include exposing the workpiece to an inradiance flash, which may be 
produced by a flash lamp or a microwave pulse generator, for example. The 
damping member may be transparent to at least some wavelengths of the 
10 irradiance flash, and in-adiatlng may include transmitting at least some of the 

irradiance flash through the damping member to the workpiece. 

The damping member may include a window such as a quartz window, and 
the method may further include controlling a temperature of the window. 

15 

The method may further Include supplying supplemental heat energy to the 
damping member in the vicinity of an outer perimeter region of the wori<piece. 
This may include supplying electric current to an electrical resistance heater 
disposed in the vicinity of the outer perimeter region of the workpiece. 
20 Alternatively, this may include inradiating material in the vicinity of an outer 
perimeter of the woricpiece having a greater emissivity than material of the 
damping member in the vicinity of a center of the workpiece. 

The method may further include pre-heating the workpiece during a pre- 
25 heating stage preceding the irradiance flash. 

The method may include adjusting the distance between the damping 
member and the wori^piece. This may include maintaining a first distance 
between the damping member and the wori<piece during the pre-heating 
30 stage, and maintaining a second distance smaller than the first distance 

between the damping member and the woricpiece during the inadiance flash 
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and a motion-damping stage ttiereafter. IVIaintaining the first distance may 
include maintaining a distance of at least two millimeters between the 
damping member and the workpiece during the pre-heating stage. 
Maintaining the second distance may include maintaining a distance 

5 sufficiently small that gas pressure between the damping member and the 

workpiece opposes the motion of the workpiece during the inradiance flash 
and the motion-damping stage. This may include maintaining a distance of 
about one millimeter between the damping member and the workpiece during 
the in-adiance flash and the motion-damping stage. Altematively, this may 

10 include maintaining a distance of about one-half millimeter between the 

damping member and the workpiece during the irradiance flash and the 
motion-damping stage. The method may further include maintaining a third 
distance greater than the second distance between the damping member and 
the workpiece during a subsequent cooling stage following the motion- 

1 5 damping stage. Maintaining the third distance may include maintaining a 

distance of at least two millimeters between the damping member and the 
workpiece during the cooling stage. Advantageously, as the first and third 
distances are greater than the second distance, themnal coupling effects are 
reduced during the pre-heating and cooling stages, while allowing for 

>0 adequate motion damping during the irradiance flash and the motion-damping 

stage. 

Applying a damping force may include applying a spatially-varying damping 
force. For example, the damping member may include a planar plate having 
25 a plurality of recesses defined therein, such that the damping force resulting 

from gas pressure change is smaller in the vicinity of each recess than the 
damping force away from the recesses. 

Applying a damping force may include varying a force applied by an 
30 electrostatic chuck in response to the motion of the workpiece. The method 
may furtiier include detecting the motion of the workpiece. The electrostatic 
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chuck may include a plurality of variable electrostatic force generators, and 
may further include selectively controlling the electrostatic force generators to 
electrostatically defomn the workpiece to a desired shape prior to the thermally 
induced motion of the workpiece. 

Other aspects and features of the present invention will become apparent to 
those ordinarily skilled in the art upon review of the following description of 
specifte embodiments of the invention in conjunction with the accompanying 
figures. 



BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention, 

Figure 1 is a cross-section of an apparatus for suppressing thennally 

induced motion of a woricpiece, according to a first embodiment of 

the invention; 

Figure 2 is a cross-section of a damping member and a wori<piece shown 
in Figure 1; 

Figures is a cross-section of an apparatus for suppressing themrially 

induced motion of a wori^piece, according to a second 

embodiment of the invention; 
Figure 4 is a cross-section of an apparatus for suppressing thennally 

induced motion of a wori<piece, according to a third embodiment 

of the invention; 

Figures is a cross-section of a damping member and a wort^piece 
according to a fourtfi embodiment of the invention; 

Figure 6 is a cross-section of a damping member, a woriqpiece and a 
woriq)iece plane plate, according to a fifth embodiment of ttie 
invention; 
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Figure? is a cross-section of a clamping member, a workpiece and a 
workplece plane plate, according to a sixth embodiment of the 
invention; 

Figures is a cross-section of a damping member, a workpiece and a 
workpiece plane plate, according to a seventh embodiment of the 
invention; 

Figure 9 is a top elevation view of a damping member according to an 

eighth embodiment of the invention; and 
Figure 10 is a cross-section of a damping member and a workpiece 

according to a ninth embodiment of the invention. 

DETAILED DESCRIPTION 

Refening to Figures 1 and 2, an apparatus for suppressing themially induced 
motion of a workpiece according to a first embodiment of the invention is 
shown generally at 100. In this embodiment, the apparatus 100 includes a 
workpiece heating system shown generally at 102, configured to themnaliy 
induce motion of the workpiece 104, which in this embodiment is achieved by 
heat-treating the workpiece in a manner that themnaliy induces such motion. 
In the present embodiment, the apparatus 100 further includes a damping 
member 106, spaced apart from the workpiece 104 and configured to apply a 
damping force to dampen the motion of the workpiece. 

In this embodiment, the heating system 102 includes a pre-heating system 
configured to pre-heat the workpiece to an intermediate temperature, and a 
surface heating system configured to heat only a surface region of the 
workpiece to a desired temperature greater than the intermediate 
temperature. In this embodiment, each of the pre-heating system and the 
surface heating system includes a respective irradiance system. More 
particularly, in this embodiment the pre-heating s^em includes a DC arc 
lamp 108, and the surface heating system includes at least one inradiance 
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flash device configured to expose the workplece 104 to an Irradlance flash. 
More partlculariy still, in this embodiment the in-adiance flash device Includes 
a flash lamp 110. configured to produce an in-adiance flash consisting 
primarily of visible and Infrared wavelengths. Alternatively, the Irradlance 
flash device may Include a microwave pulse generator configured to produce 
an irradlance flash consisting primarily of microwave wavelengths. More 
generally, other suitable pre-heating systems and surface heating systems 
maybe substituted. 

In this embodiment the workplece 104 includes a semiconductor wafer, and 
the damping member 106 includes a damping plate spaced apart from the 
wafer. In this embodiment, the damping member 106 is Interposed between 
the arc lamp 108 and the workplece 104. In this embodiment, the damping 
member Includes a window. More partlculariy, In this embodiment the 
damping member Includes a quartz window. More particularly still, in this 
embodiment the damping member includes ultra-pure, high quality, non- 
solarizing quartz, although alternatively, other suitable materials may be 
substituted. In this embodiment, the damping member 106 Is transparent to 
most wavelengths produced by either the arc lamp 1 08 or the flash lamp 110. 

In the present embodiment, the arc lamp 108 and the flash lamp 110 Include 
high-intensity arc lamps manufactured by Mattson Technology Canada Inc. of 
Vancouver, Canada, such as those described in U.S. Patent No. 6.621,199, 
or in United States Patent Application serial no. 10/777,995 filed February 12, 
2004, for example. In this embodiment the arc lamp 108 is used to pre-heat 
the wori<piece 104 to an intenmediate temperature, by in-adiating a back-side 
or substrate side 112 of the woriqaiece, at a rate slower than a thennal 
conduction time through the woricpiece. In this embodiment, the arc lamp 108 
pre-heats the woriqjiece at a rate between about 100»C per second and about 
400"C per second, to a desired Intennediate temperature In the range of 
between about eOO^C and ^SO-C, although these are merely illustrative 
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examples; alternatively, other pre-heating rates and intermediate 
temperatures may be substituted. 

When the workpiece 104 reaches the intenmedlate temperature, the arc lamp 

5 108 is deactivated and the flash lamp 110 is used to produce a high Intensity 
inBdiance flash incident upon a device side 114 of the workpiece 104. The 
duration of the irradiance flash is much shorter than a thermal conduction time 
through the workpiece 104 (the latter thermal conduction time is typically on 
the order of 10-15 ms). Thus, the in'adiance flash heats the device side 114 

10 to a substantially higher annealing temperature, at a rate much faster than the 
themial conductton time through the workpiece, so that only the device-side 
surface region of the workpiece 104 is heated to the final annealing 
temperature, while the bulk of the workpiece remains close to the relatively 
cooler intermediate temperature. The final annealing temperature may 

1 5 include a higher temperature In the range of 1 050 °C to a temperature close to 
the melting point of silicon, such as 1410 ''C, for example. To achieve this, in 
the present embodiment the irradiance system, or more particulariy the flash- 
lamp 110, is operable to irradiate the device side 114 with a high-power flash 
having a relatively short duration, preferably on the order of about one 

20 millisecond or less, for example, to heat the device side 114 at a heating rate 
in excess of 10^ °C/sec. In this emtx)diment, it Is assumed that the high 
intensity and short duration of the irradiance flash tend to cause rapid thennal 
bowing of the workpiece 104, with a central region of the device side 114 
moving rapidly upward and the outer edges of the workpiece 104 tending to 

25 move downward, resulting in a slightly domed shape of the workpiece and 
steeply curled outer edges thereof, due to the greater thermal expansion of 
the device side 114 than the rernainder or bulk of the workpiece. It is further 
assumed that such thermal bowing will occur sufficientiy rapidly that as the 
workpiece returns from its initial thermally deformed shape to its planar 

30 equilibrium position, it will tend to overshoot the equilibrium position, and 
begin to oscillate thereabout 
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As noted above. In this embodiment the damping member 106 Includes a 
damping plate spaced apart from the workpiece 104. More particularly, in this 
embodiment the damping plate Is spaced apart from a rest position of the 
workpiece by a distance sufficiently small that gas pressure between the 
damping member 106 and the woricplece 104 opposes the motion of the 
workpiece. 

In this regard, the spacing between the damping member and the workpiece 
will generally depend upon the desired amount of damping force. In this 
embodiment, when the workpiece 104 Is exposed to a rapid high-intensity 
in-adiance flash and initially themially bows as described above, with a central 
region of the device side 114 rising rapidly upwards as the wori^lece 
assumes an Initial domed shape with downwardly curied outer edges, a low 
gas pressure zone results In a gap 120 between the backside 112 of the 
wori^plece 104 and the damping member 106, substantially lower than the 
ambient gas pressure above the device side 114 of the workpiece. This 
pressure differential tends to apply a downward damping force on the central 
region of the workpiece, In opposition to the direction of its motion. When the 
workpiece subsequently returns to and overshoots Its initial refatively planar 
configuration (I.e. when the central region bows downward toward the 
damping member), the pressure in the gap 120 will increase to a greater 
pressure than the ambient gas pressure above the device side 114, resulting 
in a pressure differential which tends to apply an upward damping force on 
the central region of the workpiece, again in opposition to the direction of its 
motion. If the workpiece continues to oscillate about Its planar initial position, 
the pressure differential continues to produce a damping force in opposition to 
the motion of the woricpiece. The magnitude of this pressure differential (and 
hence of the resulting damping force) Is dependent upon the size of the gap 
120 between the woricpiece and the damping member. A smaller gap tends 
to produce a greater percentage pressure change in the gap, thereby 
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producing a greater restoring or clamping force. However, if tlie gap becomes 
too small, the clamping force may be too large, and the resulting stress may 
damage or break the workpiece. Conversely, if the gap is too large, the 
damping force may be too small to adequately dampen the motion of the 

5 workpiece. Balancing these consWerations, in the present embodiment the 
damping plate 106 Is spaced apart from the rest position of the workpiece by 
a distance on the order of one millimeter. More particularly, in this 
embodiment the gap 120 is greater than one-half millimeter, and less than 
three millimeters, as it has been found that a spacing range of between one- 

10 half millimeter and three millimeters tends to provide an optimum damping 
force in the present embodiment. Alternatively, other suitable gaps may be 
substituted, and will depend on the configuration of the particular apparatus 
and desired damping force in question. 

15 In this embodiment, the apparatus 100 further includes a first window 116 
interposed between the arc lamp 108 and the back-side 112 of the workpiece 
104, and a second window 118 interposed between the flash lamp 110 and 
the device side 114 of the workpiece. In this embodiment, the windows 116 
and 118, like the clamping member 106, are transparent to the wavelengths at 

20 which most of the radiant energy from the arc lamp 108 and the flash lamp 
110 is produced. More particularly, in this embodiment the windows 116 and 
118 include respective water-cooled quartz windows, similar to those 
disclosed In U.S. patent application publication no. US 2002/0102098. In this 
embodiment, the damping member 106 Is not cooled or otherwise 

25 temperature-controlled, however, if desired, a suitable temperature control 
system 150 may be provided. For example, the temperature control system 
may include a cooling system configured to circulate an appropriate cooling 
fluid (gas or liquid) through the damping member 106, If desired, for 
economic efficiency, a common coolant fluid system may be used for both the 

30 damping member 106 and the windows 116 and 118; however, the 
desirability of such a system may depend on the choice of measurement or 
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diagnostic wavelengths employed In a given embodiment. For example, in 
one embodiment, thermal emissions from the workpiece 104 may be 
measured at a diagnostic wavelength greater than 1.4 |jm, such as 1450 nm 
for example, and the windows 116 and 118 may be water-cooled. In such an 
5 embodiment, the water coolant absorbs substantially all radiation from the arc 
lamp and from the flash lamp at the diagnostic wavelength of 1450 nm, and 
thus prevents the measurements of the thermal emissions from the workpiece 
from being influenced by the radiation emitted by the arc lamp or the flash 
lamp. Therefore, in such an embodiment, if the damping member is 

10 Interposed between the workpiece and the measuring device. It would be 
undesirable for the damping member 106 to also be water-cooled, as the 
water coolant would absorb the radiation themially emitted by the workpiece 
at the 1450 nm diagnostic wavelength before it could be detected or 
measured. Thus, suitable coolants other than water may be substituted, if 

15 desired. Alternatively, rather than or in addition to a cooling system, the 
temperature control system 150 may be configured to maintain a desired 
elevated temperature or range of temperatures of the damping member 106. 

Still refening to Figures 1 and 2, in this embodiment, the apparatus 100 
20 further Includes a support system configured to support the workpiece above 
the damping plate 106. More particulariy, in this embodiment the support 
system includes a plurality of support pins, such as those shown at 130 and 
132 in Figure 2, for example. In this embodiment, each of the support pins 
Includes ultra-pure, high quality, non-solarizing quartz, although altematively, 
25 other suitable materials may be substituted. In the present embodiment, each 
of the support pins is mounted in the damping member 106, and extends a 
depth of 3 mm Into the damping member 106 (which in this embodiment has a 
thickness of 5 mm). Each of the support pins has a rounded upper tip 
protruding upwards from the damping member 106, to minimize the likelihood 
30 of scratching or damaging the workpiece 104, and also to reduce thermal 

contact. The height of the support pins above the upper surface of the 
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damping member 106 corresponds to the desired height of the gap 120 
between the damping member 106 and the workpiece 104, which in this 
embodiment is preferably in the range of one-half millimeter to three 
millimeters. 

5 

In this embodiment, the support pins are disposed at a common radial 
distance from a center of the damping member 106, at a location radially 
inward from an outer circumferential edge of the workpiece 104. In this 
reganJ, in the present embodiment, the locations of the support pins are 

10 selected to balance two competing factors, namely, temperature uniformity 
during pre-heating, and survivability of the workpiece during the in-adiance 
flash. Positioning the pins in the vicinity of an outer exclusion zone of the 
workpiece, at its outer perimeter, tends to provide improved temperature 
unifomiity during pre-heating, but tends to increase stress on the workpiece 

15 during the inadiance flash; conversely, although positioning the support pins 
somewhat further inward tends to improve woricpiece survivability during the 
flash by reducing stress In the workpiece and minimizing motion of its center 
of mass, this tends to reduce temperature uniformity during pre-heating. The 
appropriate positions of the support pins to balance these factors will tend to 

20 depend upon the particular themial cycle in question, including its pre-heating 
and flash heating rates. In this embodiment, there are four such support pins 
disposed at 90*> intervals around the damping member 106, at the desired 
radial distance from Its center. Alternatively, other numbers of pins, such as 
eight pins for example, may be substituted. Or, as a further altemative, the 

25 woricplece 104 may be supported in its desired rest position relative to the 
damping member by a support system similar to any of those disclosed In the 
above-noted U.S. patent application publication no. US 2004/0178553 A1. 

In this embodiment, the damping nnember 106 itself is supported by an 
30 annular inwardly-protruding supporting edge 122 of a workpiece plane plate 
124 (similar to various plates disclosed In the above-noted U.S. application 
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publication no. US 2004/0178553 A1), which has a hollow cylindrical aperture 
defined therethrough, In which the damping member 106 and the workpiece 
104 are supported. 

5 In operation, it has been found that the presence of the damping member 1 06, 
at an optimized spacing from the workpiece 104 as discussed above, tends to 
reduce the initial amplitude of the themially induced motion by roughly an 
order of magnitude, and similarly tends to significantly reduce both the 
magnitude and duration of subsequent workpiece oscillations or vibrations 
10 immediately following the Inadlance flash. Thus, the likelihood of damage to 
or breakage of the workpiece is significantly reduced. 

Referring back to Figure 1, although the damping member 106 has been 
described as transparent to most wavelengths produced by the inradiance 

15 system, alternatively, the damping member 106 may be partly or wholly 
opaque. For example, if desired, the arc lamp or other pre-heating device 
may be moved to the upper portion of the apparatus shown in Figure 1 , in the 
vicinity of the flash lamp 110, or the flash lamp 110 may be used as both the 
pre-heatIng device (in continuous DC mode) and as the Inadiance flash 

20 device (by discharging charged capacitor banks, not shown), so that the 

wori^piece 104 is ineidiated only from above. Or, as a further alternative, the 
damping member 106 itself may include a hot plate and may therefore act as 
a pre-heating device to pre-heat the wori<piece. In such an embodiment, the 
woricpiece may be either sustained at a fixed distance above the hot plate and 

25 pre-heated by conduction through the ambient gas In the apparatus 100, or 
altematively, may be placed in contact with the hot plate during the pre- 
heating stage, and may then be elevated to the desired gap distance above 
the damping member 106 for damping of thennally induced motion during and 
immediately following the in-adiance flash. 



30 
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Referring to Figure 3, the damping member 106 need not be below tlie 
workpiece 104, but may be above the workpiece if desired. For example, an 
apparatus for suppressing thermally induced motion of a workpiece according 
to a second embodiment of the invention is shown generally at 300 in Figure 

5 3. The apparatus 300 includes a modified workpiece plane plate 302, which 
acts as a support system configured to support the workpiece below the 
damping member. The workpiece plane plate 302 supports the workpiece 
104 using a plurality of flexible quartz fiber supports such as that shown at 
304, as disclosed in the above-noted U.S. application publication no. US 

10 2004/0178553 A1 . The workpiece plane plate 302 further includes an annular 
inwardly-protruding supporting edge for supporting the damping member 106 
at a desired gap distance above the rest position of the workpiece 104. In this 
embodiment, as the damping member 106 is thus Interposed between the 
flash lamp 110 and the workpiece 104, it is transparent to the wavelengths at 

1 5 which most of the radiant energy firom the flash lamp 11 0 is produced. 

Referring to Figures 1 and 4, an apparatus for suppressing themnally induced 
motion according to a third embodiment of the invention is shown generally at 
400 in Figure 4. The apparatus 400 includes a workpiece plane plate 402, 

20 having a lower annular inwardly-protruding supporting edge 404, for 
supporting the damping member 106, in a manner similar to the embodiment 
shown in Figure 1. However, in this embodiment the apparatus 400 further 
includes a second damping member 406, supported by an upper annular 
inwardly-protruding supporting edge 408 of the workpiece plane plate 402. In 

25 this embodiment, the support pins protnjding upwardly from the first damping 
member 106 act as a support system configured to support the workpiece 
above the first damping member and below the second damping member. In 
this embodiment, tiie gap 120 between tiie back-side 112 of the workpiece 
and the damping member 106 is similar to that of the prevtous embodiment, 

30 i.e., preferably on tiie order of one-half millimeter to three millimeters. 
Similarly, in this embodiment a gap 420 between the device side 114 of the 
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workpiece and the second damping member 406 is also of generally the same 
order of magnitude. In the present embodiment in which the workpiece is a 
semiconductor wafer having a device side 114, it is not desirable for the 
device side 114 to physically contact the second damping member 406, as 

5 such contact may damage devices on the device side 114. Thus, if desired, 

the gap 420 may be greater than the gap 120, or altematively, both the gaps 
120 and 420 may be slightly greater than in the previously-described 
embodiments, as their combined effect may yield an adequate damping force 
despite the reduction in the damping force provided by either one in isolation. 

10 In addition to providing an enhanced damping force, the presence of both first 
and second damping members in close proximity to the wafer tends to reduce 
gas throughput in the vicinity of the wafer, which tends to reduce convection 
and contamination problems. 

15 Referring to Figures 1, 2 and 5, a damping member according to a fourth 

embodiment of the invention is shown generally at 500 in Figure 5. In this 
embodiment, the damping member 500 is generally similar to the damping 
memt>er 106 shown in Figure 2, and is transparent to most wavelengths 
produced by the arc lamp 108 and the flash lamp 110. However, In this 

20 embodiment the damping member 500 includes a supplemental heater 502 

configured to supply supplemental heat energy to the damping member in the 
vicinity of an outer perimeter region of the workpiece. More particularly, in this 
embodiment the supplemental heater 502 includes an electrical resistance 
heater disposed in the vicinity of the outer perimeter region of the workpiece. 

25 More particulariy still, in this eml)odiment the electrical resistance heater has 

an annular shape with a circumference greater than that of the workpiece 104, 
and is mounted on top of the damping member 500, at a location radially 
outward from the outer perimeter of the workpiece. In this regard, in the 
present embodiment, the primary source of heating of the damping member 

30 500 is the woricpiece 104 itself, through both thennal radiative emissions from 
the workpiece, and conduction through ambient gas in the gap 120. Due to 
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geometry, the center of the damping member 500 receives more heating from 
these effects than the outer perimeter regions of the damping member 500. 
Therefore, the damping member becomes hotter at its center, and tends to 
return more heat to the central region of the worl<piece 104 than to the outer 

5 perimeter regions of the woricpiece. In addition, it will be appreciated that due 
to edge effects, the workpiece tends to in^diate away more energy at its outer 
perimeter region than at its central region, due to the greater ratio of surface 
area to volume at the outer perimeter region. To compensate for these 
effects and thus improve temperature uniformity of the workpiece, electric 

10 current is supplied to the supplemental heater 502 by a system controller (not 

shown), causing the supplemental heater 502 to deliver additional heat 
energy to the damping member 500 in the vicinity of the outer edge regions of 
the workpiece. The amount of electric cunrent delivered to the supplemental 
heater, and hence the amount of heat energy delivered by the supplemental 

15 heater to the damping member, is preferably controllable, in order to provide 
flexibility to achieve improved temperature unifomriity in varying thermal 
cycles. Thus, by supplying supplemental heat energy to the damping member 
in a controllable manner, the temperature unifomiity of the damping member 
is improved, thereby reducing the tendency of the damping member to return 

10 heat to the workpiece in a non-uniform manner. 

Altematively, rather than an electrical resistance heater, the supplemental 
heater 502 may include material in the vicinity of the outer perimeter of the 
wori<piece, having a greater emissivity than material of the damping member 

15 in the vicinity of the center of the workpiece. For example, such material may 
include a layer of silicon material similar to that of the workpiece 104 itself, 
mounted in an annular ring on an upper surface of the damping member 500. 
Such material is thus heated by the inradiance system (including the arc lamp 
108 and the flash lamp 110) at a greater rate tiian surrounding material of the 

iO damping member, due to its greater emissivity. in addition to being heated by 
the iradiance system, such material also absorbs a greater percentage (due 
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to its higher emissivity) of the relatively smaller amounts of thermal emissions 
from the workpiece than the remainder of the damping member 500. Thus, In 
such an embodiment, the material of the supplemental heater 502 at the outer 
region of the damping member tends to remain above the temperafejre of the 

5 central region of the damping member 500, and tends to return a comparable 
or greater amount of heat energy to the workpiece, thereby compensating for 
the aforementioned effects and improving the temperature unifomnity of the 
workpiece. The use of such materials as the supplemental heater may be 
suitable for some applications, although the flexibility resulting from the 

0 controllability of electrical resistance heating may be prefen'ed for others. 

Although a discontinuity has been shown in Figure 5 between the 
supplemental heater 502 and the remainder of the damping member 50O, 
alternatively, if desired, the supplemental heater 502 may be fonmed within 

15 the damping member 500 itself. For example, the supplemental heater 502 
may include an electrical resistance heater formed within the damping 
member itself. Similariy, in embodiments in which the supplemental heater 
502 includes material in the vicinity of the outer perimeter of the workpiece 
having a greater emisslvrty than material of the damping member in the 

>0 vicinity of the center of the woricplece, rather than providing such material on 
an outer surface of the damping member, such material may be provkled 
integrally within the damping member 500 itself. In such embodiments, the 
emissivity of the material may be spatially varied in either a continuous or 
discrete manner, by adding appropriate dopants to the material of the 

25 damping member 500 (which in this embodiment Is quartz), to produce a 
desired emissivity profile across the entire damping member. 

if desired, a blocldng member 503 may be provkied radially outward from and 
vertically above the outer perimeter of the workpiece, positioned above the 
30 supplemental heater 502. The blocking member 503 may include reflective 
surfaces, in order to protect the supplemental heater 502 from the irradiance 
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flash produced by the flash lamp 110, and also to reflect additional thermal 
emissions from the edge regions of the workpiece back to the workplece. 

Refemng to Figures 1 and 6, a workpiece plane plate of an apparatus 
5 according to a fifth embodiment of the invention is shown generally at 600. In 
this embodiment, a distance or gap 620 between a damping member 606 and 
Vhe workpiece 104 is adjustable. In this regard, adjustability of tiie gap is 
advantageous not only to be able to adjust the resulting damping force (or to 
compensate for changes in atmospheric pressure), but also to address 
10 thenmai coupling difficulties, and to allow for optimal positioning of workpiece 
supports during pre-heating, surface heating, and cooling, as discussed 
below. 

Thermal coupling difTiculties tend to be of concern primarily during the pre- 

15 heating and subsequent cooling stages, rather than during the rapid 
inradiance flash itself. If the wortcplece 104 is being pre-heated by inradiating 
its back-side 112 with the arc lamp 108 (as contemplated in figure 1). then 
depending upon the rate at which it is being pre-heated, the back-side 112 
may tend to have a slightly higher temperature than the device side 114, with 

20 the result that themrial expansion of the back-side 112 is greater than that of 
the device side 114, causing the workpiece to slightly thermally bow, with the 
central region of the workpiece moving down toward the comparatively cooler 
damping member 106. As the rate of themial conduction from the workpiece 
to the damping member 106 through the ambient gas in the gap 120 is 

25 inversely proportional to the distance of the workpiece from the damping 
member, the downwardly-bowed central region of the workpiece conducts 
heat to the damping member at a greater rate than outer regions of the 
woricpiece, with the result that the central region of the workpiece becomes 
cooler than the outer regions. It will be appreciated that such temperature 

30 non-unifonfnities are undesirable, due to the resulting thenmai gradients and 
stresses in the workpiece. 
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Conversely, if the workpiece 104 is pre-heated from above (for example, by 
using thie flash lamp 110 shown in Figure 1 in a continuous or DC mode to 
pre-heat the workpiece, then discharging capacitor banks through the flash 

5 lamp 1 10 for the flash), then the resulting thermal bowing would tend to occur 
in the opposite direction, i.e., with the central region of the workpiece moving 
slightly upward and away from the damping member, and the outer edges of 
the workpiece moving closer to the damping member 106. in this scenario, 
the device side 114 is already slightly hotter than the back-side 112 of the 

10 workpiece due to the irradiance it is receiving during pre-heating by the flash- 
lamp 110. As the outer edges of the back-side 112 move closer to the 
damping member 106 under such thermal bowing, the rate of conduction of 
heat from the outer edges of the back-side 112 to the damping member 106 
increases, with the result that the temperature difference between the device 

15 side and the back-side becomes even greater, causing further aggravation of 
the themnal bowing effect In addition, the outer edges tend to shrink as they 
cool relative to the remainder of the workpiece, which in turn forces the hot 
expanded center of the workpiece to thennally bow even further. Thus, the 
more the workpiece bows, the greater the conduction from the edges of the 

20 woilcpiece to the damping member, which in tum causes further bowing and 
even greater conductive heat losses at the edges. In this scenario, thennal 
runaway can occur, and may result in undesirably large temperature non- 
unifomnities in the workpiece. These non-uniformities may damage or even 
break the workpiece, depending on their magnitude. Such thermal coupling 

25 and thennal runaway effects may also occur during the subsequent cooling 

stage following the irradiance flash. 

It has been found that such thennal coupling and thermal runaway effects 
typically arise relatively slowly. For example, in some specific applications it 
30 has been found that such thennal coupling and runaway effects do not tend to 

appreciably arise within time scales on the order of 1x10^ ms, but may begin 
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to appreciably arise within time scales on the order of 1x10^ ms or longer. 
Thus, these effects are primarily of concem during the pre-heating stage 
preceding the irradiance flash and during the subsequent cooling stage 
thereafter, as the rapid movement of the woritpiece induced by the flash itself 
5 occurs too quickly for such effects to arise. 

To address such thermal coupling and runaway difficulties, in the present 
embodiment the distance between the workpiece 104 and the damping 
member 606 shown in Figure 6 is adjustable. More particulariy, in this 

1 0 embodiment the distance between the damping member and the woricplece is 
adjustable between a first distance employable during the pre-heating stage, 
and a second distance smaller than the first distance employable during the 
irradiance flash and a motion-damping stage thereafter. In this embodiment, 
the first distance is at least two millimeters. More particulariy, in this 

15 embodiment the first distance is about one centimeter. Also in this 
embodiment, the second distance Is sufficiently small that gas pressure 
between the damping member and the workpiece opposes the motion of the 
wori^iece during the Irradiance flash and the motion-damping stage. In this 
embodiment, the second distance Is about one-half millimeter. Altematively, 

20 other distances, such as about one millimeter for example, may be 
substituted. In this embodiment, the distance between the damping member 
and the workpiece is further adjustable to a third distance greater than the 
second distance, employable during the cooling stage follo>Mng the motton- 
damping stage. In the present embodiment, the third distance is at least two 

25 millimeters. Again, as the third distance Is larger than the second distance, 
thermal coupling effects between the damping member and the workpiece are 
also reduced during the cooling stage. In this regard, the close proximity of 
the damping member to the workpiece during the in-adiance flash and the 
motion-damping stage is desirable to provide an adequate damping force 

30 during and immediately after the In-adiance flash, however, such damping 
forces are not required during the pre-heating or cooling stages. Accordingly, 
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In this embodiment the workplece 104 is maintained at a greater distance 
away from the damping member 606 during pre-heating and subsequent 
cooling than during and immediately following the irradiance flash, thereby 
reducing thennal coupling effects during pre-heating and cooling by reducing 
5 conduction rates through the gap 620. 

To achieve this. In this embodiment the workpiece 104 is initially supported by 
a plurality of adjustable support members, such as that shown at 602 in 
Figure 6. To adjust the spacing between the worlcplece 104 and the damping 

10 member 606, the workpiece plane plate 600 Includes a motor 604, which in 

this embodiment is a step motor. The motor 604 Is connected to a 3D cam 
608, which Is generally disc-shaped but has a continuously variable height, 
ranging from a maximum height at one side of the cam 608 to a minimum 
height at an opposite side of the cam. An edge of the cam 608 contacts and 

15 supports a bearing 610 of a cam follower 612, which Is connected to the 

adjustable support member 602. Thus, rotational motion of the motor 604 is 
converted by the cam 608 into vertical motion of the cam follower 612 and 
hence of the support member 602 and the workpiece 104. 

20 Thus, in this embodiment, during the pre-heating stage, the workpiece 104 Is 

supported at a significantly greater height above the damping member 606 
than during the Inradlance flash and the motion-damping stage. In orcler to 
reduce thennal coupling effects during pre-heating. More particularly, in this 
embodiment the workpiece 104 Is supported during the pre-heating stage at 

25 the first distance above the damping member, which in this embodiment is 
more than two millimeters. More particularly still. In this embodiment the fiist 
distance Is on the order of one centimeter. Immediately prior to the irradiance 
flash, the motor 604 is actuated to lower the woriqslece 104 to a lower height 
above the damping member 606, i.e. the second distance, which In this 

30 embodiment Is on the order of one-half millimeter, to provide a desired 
damping force to oppose themially induced motion during and immediately 
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fbllowing the flash. In particular, this second distance is maintained 
throughout the duration of the motion-damping stage, i.e., until a sufficient 
time has elapsed following the flash that the motion of the worl<piece induced 
by the flash has been adequately damped and further damping is not 

5 required. In this embodiment, the motion-damping stage may persist for a 

duration on the order of one-tenth of one second after the flash, or even one 
second after the flash, but preferably not appreciably longer than one second 
after the flash, in order to prevent excessive themnal coupling effects from 
developing. At the end of the motion-damping stage, the motor 604 is again 

10 actuated to raise the wori<piece 104 to the third distance above the damping 

member, which in this embodiment is the same as the first distance, on the 
order of one centimeter. Altematively, the third distance may differ from the 
first distance if desired. Lilcewise, the first, second and third distances may all 
be varied, continuously or discretely, if desired, depending on the application 

15 in question. In this embodiment, the first and third distances are preferably 
sufficiently large to prevent excessive thermal coupling and runaway effects, 
while the second distance is preferably selected to be as small as possible 
(thereby providing maximum motion damping force), and is therefore selected 
to be no larger than necessary to prevent the workpiece from either physically 

20 striking the damping member or breaking due to excessive damping force. 

Advantageously, such a method allows the support distances to be selected 
in order to provide an optimized balance of maximizing the available motion 
damping force while minimizing undesirable themrial coupling effects. For 

25 example, in the present embodiment, during the pre-heating stage, motion 
damping is not required, and thus, supporting the workpiece at least 2 mm 
above the damping member during this stage reduces undesirable thermal 
coupling and mnaway effects. Conversely, during the inradiance flash and the 
motion-damping stage thereafter, strong motion damping is desired, but 

30 themnal coupling and runaway effects are not of primary concem due to the 
short time duration of this stage. Thus, lowering the workpiece to a distance 
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on the order of one-half millimeter above the damping member for the flash 
and the motion-damping stage provides a significantly greater damping force 
to dampen the flash-induced motbn of the workpiece, without suffering the 
disadvantages of thermal coupling or runaway effects. Finally, during the 

5 subsequent cooling stage, motion damping is not required, so raising the 
workpiece back up to a distance greater than two millimeters above the 
damping member prevents excessive thermal coupling and runaway effects. 
Effectively, supporting the workpiece at a greater distance above the damping 
member during the pre-heating and cooling stages tfian during the inradiance 

10 flash and the motion-damping stage allows the motion-damping stage 
separation or gap distance to be selected solely for its ideal motion damping 
effects. Thus, as compared to embodiments that employ only a single fixed 
separatbn distance between the workpiece and the damping member, such 
embodiments with adjustable separation distances allow a smaller separation 

15 distance to be used during the inradiance flash and nnotton-damping stage, 
thereby resulting in greater motion damping force during that stage, without 
suffering from the disadvantages of excessive thermal coupling and runaway 
effects that may tend to occur in fixed-distance embodiments. 

ZO Refening to Figures 2 and 6, although the workpiece 104 may be supported 

on Vtie support member 602 and similar support members during both pre- 
heating and the flash, preferably, the damping member 606 includes a 
plurality of supports such as support pins shown at 630 and 632 for example, 
and the workpiece 104 is lowered onto the damping meml>er supports 

25 immediately prior to the inradiance flash. The support pins 630 and 632 are 

generally similar to the support pins 130 and 132 shown in Figure 2, however, 
in this embodiment the locations of the support pins 630 and 632 are different 
than those of the support pins 130 and 132. It will be recalled that the 
locations of the support pins 130 and 132 are selected to achieve a balance 

30 between temperature uniformify during pre-heating (which favors support pins 
at the outside edges of the woritpiece) and workpiece survivability during and 
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immedlately following the flash (which favors support pin locations further 
inward, to minimize the motion of the center of mass of the workpiece). 
However, in this embodiment the workpiece 104 is supported by the 
adjustable support members 602 and similar support members during pre- 

5 heating, and is lowered onto the support pins 630, 632 and similar pins for the 
flash. Thus, In this embodiment, the locations of the support pins 630 and 
632 may be selected solely to maximize workpiece sun/lvabllity during and 
immediately following the flash. In this embodiment, to facilitate lowering of 
the workpiece 104 onto the support pins 630, 632 and similar pins, in this 

0 embodiment the damping member 606 Includes a plurality of recesses such 
as that shown at 640, to allow the adjustable support member 602 to move 
downward into the plane of the damping member 606. 

Referring to Figure 7, a workpiece plane plate according to a sixth 
15 embodiment of the invention is shown generally at 700. As in the previous 
embodiment, a gap 720 between the workpiece 104 and a modified damping 
member 706 is adjustable. To achieve this, the workpiece plane plate 700 
includes an actuator 702, which in this embodiment includes a two-step 
controllable linear actuator. More particularly, the actuator 702 may include a 
>0 voice coil actuator, or a nanomuscle actuator (memory shape alloy actuator), 
for example, although other types of actuators may be substituted. The 
actuator 702 is in communicatfon through a straight-line linkage 704 with a 
support member 708, which in this embodiment includes a quartz rod. The 
straight-line linkage 704 translates generally horizontal motion of the actuator 
25 Into vertical motion of a distal tip of the support member 708. The modified 
damping member 706 Includes support pins such as those shown at 730 and 
732 and a plurality of recesses such as that shown at 740, similar to the 
supports pins and recess 630, 632 and 640 shown in Figure 6. 

30 Alternatively, or in addition, the gap between the workpiece and the damping 
member may be adjusted by moving the damping member. For example, 
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referring to Figure 8, a workplece plane plate and a damping member 
according to a seventh embodiment of the invention are shown generally at 
800 and 806, respectively. The damping member 806 includes a quartz plate 
similar to damping members described previously herein, although in this 

5 embodiment the damping member 806 is attached to a moving gate (not 
shown), to penmit the damping member 806 to be moved vertically upward 
and downward. Also in this embodiment, the workpiece 104 itself is 
moveable, as it is supported by a plurality of support members such as that 
shown at 802. In this embodiment the support member 802 includes a quartz 

10 rod, and is connected to a solenoid actuator 804 via a connecting arm 808, to 

permit controllable pivotal motion of the support member 802 about a pivot 
point 810. In this embodiment, the damping member 806 further includes a 
plurality of recesses such as that shown at 840, similar to those shown at 640 
and 740 in Figures 6 and 7. 

15 

Refening back to Figures 6-8, in embodiments employing a combination of 
moveable support members such as those shown at 602, 708 and 802 and 
fixed support members such as those shown at 630, 632, 730, 732, 830 and 
832, when the workpiece 104 is subjected to the in-adiance flash while 

10 supported on the fixed support members, it is preferable to prevent the 

workpiece 104 from physically striking the moveable support members. To 
achieve this, the recesses 640, 740 and 840 shown in Figures 6-8 are 
preferably sufficiently deep to accommodate the moveable members therein, 
flush with or slightly sunken beneath the upper suriiace of the workpiece plane 

25 plates 600, 700 and 800, respectively. Alternatively, the recesses may be 

replaced with vertical slots defined through the workpiece plane plates, to 
allow the moveable support members to move downward through the 
workpiece plane plate entirely. 

30 Alternatively, or in addition, if desired, horizontal retraction components (not 
shown) may be provided, to allow the moveable support members to be 
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retracted horizontally outward prior to the Irradlance flash, in such 
embodiments, the workplece may be supported on the moveable support 
members during pre-heating, then lowered onto the fixed support members, at 
which time the moveable support members may be retracted horizontally 

5 outward immediately prior to the irradtance flash. The woricpiece may then be 
subjected to the inradiance flash, and after the resulting thermally induced 
motion has been adequately damped, the moveable support members may 
be extended radially inward to engage the lower surface of the workpiece and 
lift it up off the fixed support members. Retracting the moveable support 

10 members immediately prior to the irradiance flash in this manner prevents the 

edges of the workpiece from striking the moveable support members during 
the themnal bowing induced by the flash, thereby preventing damage to both 
the workpiece and the moveable support members. 

15 /Mthough the embodiments described in Figures 6-8 achieve adjustability of 
the gap between the damping member and the workpiece using a 
combination of movable support members (such as those shown at 602, 708 
and 802) and fixed support members (such as those shown at 630, 632, 730, 
732, 830 and 832), alternatively, other ways of achieving such adjustability 

10 may be substituted. For example, a single set of elongated support members 

(not shown) may extend through the damping member itself, and may be 
extendable and retractable to vary the height above the damping member at 
which the workpiece is supported. 

".5 In addition, if desired, workpiece recentering components (not shown) may be 

provided. In this regard, depending on the magnitude and duration of the 
irradiance flash, as well as the gap between the workpiece and the damping 
member during the flash stage, it is possible that the woricpiece may move 
horizontally from its original position as a result of the flash. If this occurs in 

•0 an embodiment that employs moveable support members to move the 
workpiece from its first distance from the damping member (for the pre- 
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heating stage) to its second distance (for the inadlance flash and motion- 
damping stage), it is possible that such horizontal movement of the workplece 
may cause the workpiece to be misaligned with the moveable support 
members when they move back to re-engage the workpiece to move it to its 
third distance (for the cooling stage). Accordingly, to ensure that the 
workpiece is adequately aligned with the moveable support members to allow 
it to be lifted off the fixed support members, one or more workpiece 
recentering components (not shown) may be provided. For example, the 
workpiece recentering components may include three or a different number of 
quartz rods, oriented vertically, which move radially inwarti from the workpiece 
plane plate to engage the outer perimeter of the workpiece and re-center it 
after the inadiance flash and motion-damping stage. Altematively. lateral 
support members such as those disclosed in the above-noted U.S. patent 
application publication no. US 2004/0178553 A1 may be provided, to maintain 
the workpiece in a desired horizontal position range. Such lateral support 
members, if provided, are preferably selected and configured to avoid unduly 
violent collisions with the wori^piece, in order to prevent breakage of the 
woricpiece. For example, flexible optical fiber lateral support members may be 
selected, and may be radially outwardly spaced apart from the edges of the 
wori<piece, although altematively, other types and configurations of lateral 
support members may be substituted. 



Referring to Figures 1 and 9, a damping member acconJing to an eighth 
embodiment of the invention is shown generally at 900. In this embodiment 
the damping member 900 is generally similar to the damping member 106 
shown In Figure 1, and includes a quartz plate. However, in this embodiment 
the damping member 900 Is configured to apply a spatially-varying damping 
force. To achieve this, in this embodiment the damping member includes a 
planar plate having a plurality of recesses 904 defined therein, to cause the 
damping force to be smaller in the vicinity of each recess than away from the 
recesses. In this regard, it will be appreciated that in the vicinity of such a 
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recess, If the workpiece 104 suddenly moves toward or away from the 
damping member 900, the added ambient gas volume In the recess Itself 
results In a lesser percentage pressure change in the immediate vicinity of the 
recess. Thus, recesses such as the recess 904 may be placed at any 
5 locations where a slightly lower damping force Is desired. 

Alternatively, other ways of providing spatially-varying or time-varying 
damping forces may be substituted. For example, in a further exemplary 
embodiment of the invention, a modified damping member may Include an 

0 electrostatic chuck damping plate (not shown). The damping plate has a 

dielectric material layer on an upper surface thereof. More particularly, in this 
embodiment the dielectric material includes AI2O3, with a suitable dopant to 
render it semiconducting (such as AI2O3 impregnated with SiC particles, for 
example), although alternatively, other dielectric materials may be substituted. 

5 In this embodiment, the electrostatic chuck damping plate is opaque, and pre- 

heating of the wori<piece may be achieved by either irradiating the wori^plece 
from above, or alternatively, by causing the damping plate itself to act as a hot 
plate. The electrostatic chuck damping plate includes a plurality of variable 
electrostatic force generators. More particularty, the force generators include 

iO a plurality of electrode pairs mounted within the dielectric material at various 
locations, and the voltages to each electrode are separately controllable. 
More particularly still, in this embodiment each of the electrode pairs is 
configured to act as a bipolar Johnson Rahbek electrostatic chuck force 
generator. Alternatively, other suitable electrostatic chuck electrode 

>5 configurations may be substituted, such as a bipolar Coulomb electrostatic 

chuck configuration, for example. The woricpiece 104 is supported above the 
damping member by a plurality of support pins extending upward from the 
damping member, and the downward electrostatic force applied to the 
workpiece by each electrode is separately controllable by controlling the 

}0 voltage supplied to the electrode. In this emt>odiment, at least some of the 
electrode pairs are disposed radially inward from the support pins, and at 
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least some electrode pairs are disposed radially outwareJ from the support 
pins. 

Such an electrostatic chuck damping member may be advantageously 
5 configured to apply an electrostatic force to the workpiece In response to the 

motion of the workpiece. The apparatus according to such an embodiment 
preferably Includes a detector configured to detect the motion of the 
workpiece. Thus, during pre-heating, if a slight thermal bowing or other 
defonnation occurs, the voltages to the electrode paire beneath the portions of 

10 the workpiece furthest away from the damping plate are Increased relative to 

the voltages to the electrode pairs beneath closer portions of the wori^piece, 
thereby tending to flatten out the workpiece and reduce temperature non- 
unifonnities that would have othenvise resulted from increased themial 
coupling between the damping plate and the closest portions of the defbmied 

15 workpiece. 

In general, In this embodiment, each of the variable electrostatic force 
generators Is selectively controllable to electrostatically deforni the wori<piece 
to a desired shape prior to the thennally induced motion of the woricpiece. 

20 Although in the example previously discussed, the desired shape was a 

planar shape to reduce thennal coupling, alternatively, the desired shape may 
be non-planar. For example, immediately before the flash, the electrode pairs 
may be selectively controlled to pre-defomi the woricpiece to a desired shape, 
such as a bowed shape with the center raised in order to reduce the stress 

25 resulting from the flash, or alternatively, a bowed shape with the center 

lowered In order to reduce the magnitude of the thennally Induced motion 
resulting from the flash. 

In addition, during the flash and the motion-damping stage immediately 
30 thereafter, when the workpiece 104 thennally bows and begins to oscillate, 

the electrode paIre may continue to be selectively controlled, increasing the 
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voltage to the electrode pairs radially inward from the support pins to provide 
greater damping downforce at the center of the workpiece when it is rising, 
and conversely, increasing the voltage to the electrode pairs radially outward 
from the support pins to provide greater damping downforce at the edges of 
5 the workpiece when the center of the workpiece is falling. Such control may 
be effected in a closed control loop, by a computer in communication with the 
workpiece motion detector. 

Refenring to Figures 2 and 10, a damping member according to a ninth 

10 embodiment of the invention is shown generally at 1000 in Figure 10. In this 

embodiment, the damping member 1000 includes an annular recess shown 
generally at 1004, defined in a surface of the damping member 1000, and the 
annular recess 1004 is configured to accommodate the outer edge of the 
workpiece 104 therein during the thermally induced motion. In this regard, In 

15 the present embodiment, the thermally induced motion of the workpiece 104 

may include thenmaily induced curling of an outer edge of the woricpiece, such 
as an initial steep downward curiing of the outer perimeter region (e.g. the 
outer 1-2 cm) of the workpiece, as discussed earlier herein. Therefore, the 
annular recess 1004 serves to accommodate the curied outer edges of the 

20 workpiece. In this embodiment, the damping member 1000 is generally 

similar to the damping member 106 shown in Figure 2, but has been modified 
to include the annular recess 1004, which is defined in an upper surface 1006 
of the damping member 1000. In this embodiment, if such edge-curiing of the 
outer edge of the workpiece 104 occurs, the outer perimeter or edge of the 

25 workpiece 104 Is allowed to curi downward into the annular recess 1004, 

without physically striking the damping member 1000 itself. By preventing 
such physical contact, potential damage to the workpiece is avoided. In 
addition, the annular recess 1004 allows the height of the space or gap 120 
between the damping member 1000 and the workpiece 104 to be decreased 

30 to a smaller spacing, thereby providing a greater damping force to dampen 

subsequent vibration and oscillation of the workpiece. 
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In variations of the present embodiment in which the clamping member is 
transparent and the worl<piece is pre-heated by transmitting irradiance from a 
pre-heating device through the damping member, the physical dimensions 

5 and curvature of the annular recess 1004 may be selected to adiieve a 

desired optical effect. For example, the size, shape and other properties (e.g. 
reflectivity, transmissivity, emissivity) of the annular recess 1004 may be 
configured to produce a lensing effect to deliver additional inadiance to the 
outer perimeter regions of the workpiece, to compensate for edge effects, i.e. 

iO the tendency of the workpiece to lose more heat energy through irradiance 

near its outer edges due to their greater ratio of surface area to volume. In 
designing the size and shape of the annular recess 1004 for this purpose, 
other relevant heat transfer aspects are preferably taken into account, 
including, for example, the impact of changes in the depth and configuration 

15 of the annular recess upon the rate of heat conduction between the damping 

member and the outer perimeter regions of the workpiece. 

In this embodiment, the annular recess 1004 has a depth on the order of one 
to five millimeters, and extends radially inward for a distance on the order of 
^0 one to two centimeters firom the outer perimeter or edge of the workpiece. 

Alternatively, other dimensbns and configurations may be substituted, either 
to accommodate the thennally induced motton of the workpiece, or to achieve 
desired lensing effects, or both. 

15 More generally, while specific embodiments of the invention have been 

described and illustrated, such emtxxliments should be considered illustrative 
of the invention only and not as limiting the invention as construed in 
accordance with the accompanying claims. 
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What is claimed is: 

1. An apparatus comprising: 

a) a workpiece heating system configured to thennally induce 
motion of a wori<piece; and 

b) a damping member spaced apart from the workpiece and 
configured to apply a damping force to dampen the motion of 
the workpiece. 

2. The apparatus of claim 1 wherein the damping member is spaced apart 
from a rest position of the workpiece by a distance sufficiently small 
that gas pressure between the damping member and the workpiece 
opposes the motion of the workpiece. 

3. The apparatus of claim 2 wherein the workpiece comprises a 
semiconductor wafer and wherein the damping member comprises a 
damping plate spaced apart from the wafer. 

4. The apparatus of claim 3 wherein the damping plate is spaced apart 
from the rest position of the wafer by a distance on the order of one 
millimeter. 

5. The apparatus of claim 4 wherein the damping plate is spaced apart 
from the rest position of the wafer by a distance greater than one-half 
millimeter. 

6. The apparatus of claim 4 wherein the damping plate is spaced apart 
fn^m the rest position of the wafer by a distance less than tiiree 
millimeters. 

7. The apparatus of claim 4 wherein the damping plate is spaced apart 
from the rest position of the wafer by a distance between one-half 
millimeter and three millimeters. 



wo 2005/059991 



PCT/CA2004/002155 



-40- 

8. The apparatus of claim 3 further comprising a support system 
configured to support the wafer above the damping plate. 

9. The apparatus of claim 3 further comprising a support system 
configured to support the wafer below the damping plate. 

5 10. The apparatus of claim 2 wherein the damping member comprises first 
and second damping members, and further comprising a support 
system configured to support the workpiece above the first damping 
member and below the second damping member. 

11. The apparatus of claim 3 wherein the damping plate comprises an 
"JO annular recess defined in a surface thereof and configured to 

accommodate the outer edge of the wafer therein during said thennally 
Induced motion. 

12. The apparatus of claim 1 wherein the workpiece heating system 
comprises an in^adiance system configured to irradiate the workpiece. 

"•S 13. The apparatus of claim 12 wherein the in^adiance system comprises at 
least one irradlance flash device configured to expose the workpiece to 
an Irradlance flash. 

14. The apparatus of claim 13 wherein the inradiance flash device 
comprises a flash lamp. 

20 15. The apparatus of claim 13 wherein the inradiance flash device 
comprises a microwave pulse generator. 

16. The apparatus of claim 13 wherein the damping member Is interposed 
between the at least one in-adiance flash device and the wori<piece and 
Is transparent to at least some wavelengths of the Inradiance flash. 

25 17. The apparatus of claim 2 wherein the damping member comprises a 

window. 
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18. The apparatus of claim 17 wherein the window comprises a quartz 
window. 

19. The apparatus of claim 2 further comprising a supplemental heater 
configured to supply supplemental heat energy to the damping 
member, 

20. The apparatus of claim 19 wherein the supplemental heater comprises 
an electrical resistance heater disposed in the vicinity of the outer 
perimeter region of the workpiece. 

21. The apparatus of claim 19 wherein the supplemental heater comprises 
material in the vicinity of the outer perimeter of the workpiece having a 
greater emissivity than material of the damping member in the vicinity 
of a center of the workpiece. 

22. The apparatus of claim 13 wherein the Irradiance system further 
comprises a pre-heating system configured to pre-heat the workpiece 
during a pre-heating stage preceding the irradiance flash. 

23. The apparatus of claim 22 wherein the distance between the damping 
member and the workpiece is adjustable to adjust the damping force. 

24. The apparatus of claim 22 wherein the distance between the damping 
member and the workpiece is adjustable between at least a first 
distance employable during the pre-heating stage, and a second 
distance smaller than the first distance employable during the 
irradiance flash and a motion-damping stage thereafter. 

25. The apparatus of claim 24 wherein the first distance is at least two 
millimeters. 



26. 



The apparatus of claim 24 wherein the second distance is sufficiently 
small that gas pressure between the damping member and the 
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workpiece opposes the motion of tiie workpiece during the irradiance 
flash and the motion-damping stage. 

27. The apparatus of claim 26 wherein the second distance is aix)ut one 
millimeter. 

28. The apparatus of daim 26 wherein the second distance is about one- 
half millimeter. 

29. The apparatus of claim 26 wherein the second disteince is less than 
about two millimeters. 

30. The apparatus of claim 24 wherein the distance between the damping 
member and the workpiece is adjustable between the first distance, the 
second distance, and a third distance greater than the second distance 
employable during a cooling stage following the motion-damping 
stage.. 

31. The apparatus of claim 30 wherein the third distance is at least two 
millimeters. 

32. The apparatus of claim 2 wherein the damping member is configured to 
apply a spatially-varying damping force. 

33. The apparatus of claim 32 wherein the damping member comprises a 
planar plate having a plurality of recesses defined therein, to cause the 
damping force to be smaller in the vicinity of each recess than away 
from the recesses. 

34. An apparatus comprising: 

a) means for themnally inducing motion of a workpiece; and 

b) means for applying a damping force to dampen the motion of 
the workpiece, the means for applying being spaced apart from 
the workpiece. 
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35. A method comprising: 

a) themially inducing motion of a NMorkplece; and 

b) applying a damping force to dampen the motion of the 
woritpiece with a damping member spaced apart from the 

5 worl^piece. 

36. The method of claim 35 wherein applying a damping force comprises 
maintaining a distance between the damping member and the 
workpiece sufficiently small that gas pressure between the damping 
member and the workpiece opposes the motion of the workpiece. 

10 37. The method of claim 36 wherein the wori<piece comprises a 

semiconductor wafer and wherein the damping member comprises a 
damping plate spaced apart from the wafer. 

38. The method of claim 37 wherein maintaining comprises maintaining the 
damping plate at a distance on the order of one millimeter from a rest 

1 5 position of the wafer. 

39. The method of claim 38 wherein maintaining comprises maintaining the 
damping plate at a distance greater than one-half millimeter from the 
rest position of the wafer. 

40. The method of claim 38 wherein maintaining comprises maintaining the 
20 damping plate at a distance less than three millimeters from the rest 

position of the wafer. 

41. The method of claim 38 wherein maintaining comprises maintaining the 
damping plate at a distance between one-half millimeter and three 
millimeters from the rest position of the wafer. 



25 



42. 



The method of claim 37 wherein maintaining comprises supporting the 
wafer above the damping plate. 
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43. The method of claim 37 wherein maintaining comprises supporting the 
wafer below the damping plate. 

44. The method of daim 36 wherein the damping member comprises first 
and second damping members, and wherein maintaining comprises 

5 supporting the worlcpiece above the first damping member and below 

the second damping member. 

45. The method of claim 37 further comprising accommodating the outer 
edge of the wafer in an annular recess defined in a surface of the 
damping plate during said thennally induced motion. 

10 46. The method of claim 35 wherein themnally inducing motion comprises 

exposing the workpiece to an inradiance flash. 

47. The method of claim 46 wherein exposing comprises exposing the 
workpiece to an irradiance flash produced by a flash lamp. 

48. The method of claim 47 wherein exposing comprises exposing the 
15 workpiece to an inradiance flash produced by a microwave pulse 

generator. 

49. The method of claim 46 wherein the damping member is transparent to 
at least some wavelengths of the In-adiance flash, and wherein 
irradiating comprises transmitting at least some of flie irradiance flash 

20 through the damping member to the woricpiece. 

50. The method of claim 36 wherein the damping member comprises a 
window. 

51. The method of claim 50 wherein the window comprises a quartz 
window. 



25 



52. 



The method of claim 36 further comprising supplying supplemental 
heat energy to the damping member. 
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53. The method of claim 52 wherein supplying comprises supplying electric 
current to an electrical resistance heater disposed In the vicinity of the 
outer perimeter region of the workpiece. 

54. The method of claim 52 wherein supplying comprises inradiating 
material In the vicinity of the outer perimeter of the woritpiece having a 
greater emissivity than material of the damping member In the vicinity 
of a center of the workpiece. 

55. The method of claim 46 further comprising pre-heating the workpiece 
during a pre-heating stage preceding the inradiance flash. 

56. The method of claim 55 further comprising adjusting the distance 
between the damping member and the woricpiece. 

57. The method of claim 55 further comprising maintaining a first distance 
between the damping member and the wori<cpiece during the pre- 
heating stage, and maintaining a second distance smaller than the first 
distance between the damping member and the woricpiece during the 
Inradiance flash and a motion-damping stage thereafter. 

58. The method of claim 57 wherein maintaining a first distance comprises 
maintaining a distance of at least two millimeters between the damping 
member and the woriqsiece during the pre-heating stage. 

59. The method of daim 58 wherein maintaining a second distance 
comprises maintaining a distance sufficiently small that gas pressure 
between the damping member and the workpiece opposes the motfon 
of the workpiece during the inradiance flash and the motion-damping 
stage. 



60. The metfiod of daim 59 wherein maintaining a second distance 
comprises maintaining a distance of about one millimeter between the 
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damping member and the workpiece during the inadlance flash and the 
motion-damping stage. 

61. The method of claim 59 wherein maintaining a second distance 
comprises maintaining a distance of about one-half millimeter between 
the damping member and the woricpiece during the in-adiance flash and 
the motion-damping stage. 

62. The method of claim 59 wherein maintaining a second distance 
comprises maintaining a distance of less than about two millimeters 
between the damping member and the workpiece during the InBdiance 
flash and the motion-damping stage. 

63. The method of claim 57 further comprising maintaining a third distance 
greater than the second distance between the damping member and 
the woricpiece during a cooling stage following the motion-damping 
stage. 

64. The method of claim 63 wherein maintaining a third distance comprises 
maintaining a distance of at least two millimetei^ between the damping 
member and the workpiece during the cooling stage. 

65. The method of daim 36 wherein applying comprises applying a 
spatially-varying damping force. 

66. The method of claim 65 wherein the damping member comprises a 
planar plate having a plurality of recesses defined therein, such that the 
damping force resulting from gas pressure change is smaller in the 
vicinity of each recess than the damping force away from the recesses. 
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